In Escherichia coli, the products of several genes are required for septation, and the products of several others are required for the maintenance of the rod shape of the cells. We show here that the combination of certain mutations in a division gene (ftsI) with a specific mutation in one of the shape genes (rodA) could produce cells with normal shape and division, although separately these mutations led to a loss of the capacity to divide (ftsI) or to form normal rod-shaped cells (rodA). In contrast, combinations between other mutant alleles of these genes produced double mutants which had lost the capacity both to divide and to form rod-shaped cells. The mutual phenotypic correction observed within particular pairs of mutant genes suggests that the normal morphogenetic cycle of growth and division may require direct interaction between the two membrane proteins which are the products of these genes.
In Escherichia coli, the products of several genes are required for septation, and the products of several others are required for the maintenance of the rod shape of the cells. We show here that the combination of certain mutations in a division gene (ftsI) with a specific mutation in one of the shape genes (rodA) could produce cells with normal shape and division, although separately these mutations led to a loss of the capacity to divide (ftsI) or to form normal rod-shaped cells (rodA). In contrast, combinations between other mutant alleles of these genes produced double mutants which had lost the capacity both to divide and to form rod-shaped cells. The mutual phenotypic correction observed within particular pairs of mutant genes suggests that the normal morphogenetic cycle of growth and division may require direct interaction between the two membrane proteins which are the products of these genes.
Escherichia coli cells are short cylinders with rounded poles. This shape is maintained against an estimated internal pressure of 4 to 5 atm (1 atm = 101.29 kPa) by the covalently bonded peptidoglycan layer (the sacculus) of the cell envelope (14) . Under constant growth conditions, the cell cycle consists of an elongation phase (during which cell width remains approximately constant) followed by a division phase in which the cell divides transversely to give two sister rods of nearly equal lengths (12, 17, 24) . (See Fig. 2a for the various stages in this cycle.) Higgins and Shockman (5) first suggested that rod-shaped bacteria had two different wall (peptidoglycan) synthesizing systems (e for elongation and xw for cross-wall formation) which alternated during the cell cycle. Spratt (18, 19) later showed that two such distinct systems do indeed exist in E. coli. These two systems can be individually inhibited by specific P-lactam antibiotics or by mutations in specific genes. In this way, he identified a gene, called ftsI (15) , sep (25) , or pbpB (29), which codes for a peptidoglycan transpeptidase and transglycosylase which is required only for septation (6) . This membrane protein (PBP3 for penicillin-binding protein 3 [6] ) is the target for those ,B-lactam antibiotics (e.g., cephalexin or furazlocillin) which preferentially inhibit septation (6) . Similarly, there are two closely linked genes (rodA and pbpA) which code for membrane proteins required to maintain the normal rod shape of the cells during the interdivision growth phase (21, 22) . The protein (PBP2) coded for by one of these genes (pbpA) has also been shown to have peptidoglycan transpeptidase activity (7) and is the specific target for mecillinam, a P-lactam antibiotic which causes E. coli to grow into rounded cell shapes and also inhibits division (9) . Previously reported (8, 13, 23) of the individual mutants). Instead, they grow into swollen balloon shapes (with or without partial constrictions, depending on thefts mutation). However, we report here that it is possible to select a specific mutation in the rodA gene which can suppress the division defect of certain ftsI mutants. Furthermore, we found that this suppression is reciprocal, because cells carrying this rodA mutation by itself (i.e., with the ftsI+ allele) grew and divided as spherical forms, whereas the double mutant cells grew as rod-shaped cells.
MATERIALS AND METHODS
Bacterial strains. The E. coli K-12 strains used are listed in Table 1 . Cells were grown in Oxoid Nutrient Broth no. 2 (Oxoid Ltd., London, England). Genetic manipulations (UV mutagenesis, P1 transduction, and plasmid transformation) were performed as previously described (2, 3, 21, 22) . RESULTS Strain TOE23 is a temperature-sensitive mutant obtained after temperature-oscillation enrichment (3) for abnormally long cells in a UV-mutagenized culture of E. coli K-12 (strain AB2497; Table 1 ). The mutation was shown to be at the ftsI locus by cotransduction mapping and by complementation (K. J. Begg, unpublished data). TOE23 cells could form colonies on agar at 30°C but not at 42°C. In liquid media, they showed partial inhibition of division at 30°C (Fig. 1A ) but immediate and complete inhibition of division after a shift to 42°C (Fig. 1B) .
A culture of TOE23 was UV irradiated (1,000 ergs/mm2) and plated at 42°C to obtain revertants. One of these revertant clones (14) grew and divided in liquid medium at 42°C in the form of chains of rather thick rods ( Fig. 2B ) and also plated with 100% viability at 42°C. To identify the genetic locus of the revertant mutation, bacteriophage P1 was grown on 14 and the chloroformed lysate was used to transduce strain AB2497 (leuftsI+) to leu+ (the transductant colonies were grown at 30°C). TheftsI23 mutation is approximately 70% cotransduced with leu and therefore, if the revertant phenotype were due to a mutation within the ftsI gene, all of the leu+ transductants would be able to form (21, 22) ; both play essential roles in the shaping of the peptidoglycan layer of the cell envelope and both are present in extremely low numbers of molecules per cell (21, 22) . The mutual restoration of normal function seen within specific pairs of mutant proteins strongly suggests that they physically interact to form a complex which promotes normal shaping of the peptidoglycan layer during both the e and the xw phases of the cell cycle. This in turn suggests that the normal forms of these two proteins likewise interact as part of a multimeric bifunctional complex which is required for normal cell shaping and division. 
